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Since the initial discovery of cometary charge exchange emission, more than 20 comets have been observed with a variety 
of X-ray and UV observatories. This observational sample offers a broad variety of comets, solar wind environments and 
observational conditions. It clearly demonstrates that solar wind charge exchange emission provides a wealth of diagnos- 
tics, which are visible as spatial, temporal, and spectral emission features. We review the possibilities and limitations of 
each of those in this contribution. 
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1 Introduction 

X-ray and Extreme Ultraviolet (EUV) emission is usu- 
ally associated with high temperature environments. The 
discovery that comets are bright emitt ers in this spec- 
tral regime wa s therefore a big surprise (ILisse et al. 1996; 
Mumma et al ] | 1997b . and is in strong contrast to our under- 
standing that comets are dirty snowballs surrounded by a 
gaseous coma with a temperature of approximately 50 K. 
After the first discovery by ROSAT of the X-ray emission 
from Comet C/1996 B2 (Hyakutake), a search through the 
observatory's archives proved that in fact all comets (with 
total visual magnitude m„ < 12.0 ) in the inner solar s ystem 



(< 2 AU) had emitted X-rays dDennerl et al .1119971) . The 
total X-ray power in the 0.2 -1.0 keV band was between 
0.004 — 1.2 GW, the emission was highly variable in time, 
and many of the observed comets displayed a characteristic 
crescent shape. 

To explain these surprising observations, numerous 
possible scenarios were proposed. Among st them were 
scatte ring/fluorescence of solar X-rays (IKrasnopolskv 
1997), thermal bremsstrahlung associated with colli- 
sions of solar wind electrons with cometary neutral 



gas or dus t (Bingh am et al.l Il997t iNorthrop et al. 1 19971: 



UchidaetalJ 1998[). electron /proton K- and L-shell ion- 
ization iKrasnopolsky 1997 ). Rayleig h-scattering of so- 



lar X-rays by attogram dust particles (lOwens et al. 1998; 



Schulz et al.1 l200fi IWickramasinghe & Hoviel Il996l) . and 
charge exchange between highly i onized solar w ind minor 
ions and cometar y neutral specie s ( Crayensll 19971) . A com- 
parative study by IKrasnopolskv! (11997 ) demonstrated that 
none of these mechanisms except for the solar wind charge 
exchange emission and attogram dust scattering could ac- 
count for the observed luminosities. The discovery of emis- 
sion lines in the X-ray spectrum of Comet C/1999 S4 
(LINEAR) prove t hat the emission w as driven by solar wind 
charge exchange dLisse et al ] |200ll) . 



Before data from spacecraft monitoring the solar wind 
became available, observations of cometary ion tails were 
the only method of probing the solar wind. Even nowa- 
days, comets largely remain the only means to sample 
regions outside the ecliptic plane. Cometary X-rays in 
particular have proven to be an excellent tool to study 
solar wind - neutral gas interactions, because comets 
have no magnetic field and the wind therefore inter- 
acts directly with the neutral gas in the coma. Sec- 
ondly, the size of the cometary atmosphere (on the or- 
der of 10 5 km) allows remote tracking of the ions as they 
penetrate into the comet's atmosphere, offering a close- 
up view on the interaction of the two plasmas. Thirdly, 
since the first observations of cometary X-ray emission, 
more than 20 comets have been observed with various X- 
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ray and UV observ atories including ROSAT (Dennerl et al 
1997t iLisse etalJ Il996h. euv e jMumma et alj Il997h. 



BeppoSAX (Owens et al. 1998), Chandra (Bodewits et al. 
20071; IChristian et al.l 1201 fj [Krasnopolskv et all 12004 
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Fig. 1 Swi ft observations of comet 2007/N3 (Lulin), 
adapted from lCarter et al.l (120121) . The Swift satellite allows 
for simultaneous mapping of OH in the neutral coma (blue) 
and charge exchange X-ray emission (red). The peak X-ray 
brightness is offset by about 35,000 km towards the Sun. 



2012 



Lisse et al.l 1200 ll; IWolk et al.l l2009h . chips dSasseen et al 
20061) FUSE dFeldmanl 120051) , XMM-Newton jPennerl 



Schultz et alj|2006l) . Suzaku (Brown et al. 2010), and 



Swift dCarter et al.ll2012t IWillingale et alJbOOeH 'l This ob- 
servational sample offers a broad variety of comets, so- 
lar wind environments and observational conditions, clearly 
demonstrating that cometary charge exchange emission pro- 
vides a wealth of diagnostics, which are visible as spatial, 
temporal, and spectral emission manifestations. We will dis- 
cuss the possibilities and limitations of each of those in this 
contribution. 



2 Morphology 

The emission morphology is a 3D 'tomography' of the so- 
lar wind flow through the neutral gas around the nucleus 
(Weg mann et al.ll2004l) . In very active com ets (gas produc 



tion rates of 10 29 molecules s 1 or more, Bodewits et al 



2007) observed at phase angles of about 90 degrees, the 
X-ray emission maps a spherical gas distribution resulting 
in a characteristic sunward, crescent shape as seen by a re- 
mote observer, indicating a coma that is collisionally thick 
to charge exchange. A good example results from the com- 
bined observations of co met 2007/N3 (Lulin), shown in Fig- 
ure m dCarter et al.ll2012h . The Swift observatory is equipped 
with boresighted UV and X-ray instruments, allowing for 



1 Unsuccessful attempts to detect X-rays in comets were made using the 
Einstein satellite, the Rossi X-ray Timing Explorer, and the ASCA obser- 



simultaneous mapping of OH in the neutral coma (blue) 
and charge exchange X-ray emission (red). The peak X-ray 
brightness is offset by about 35,000 km towards the Sun. 

Less active comets (gas production rates of 10 28 mole- 
cules s _1 or less) have neutral comae that are virtually trans- 
parent to the incoming solar wind ions. The X-ray emission 
typically peaks at the nucleus, and jets or other local en- 
hancements in th e coma brighten, as was observed for the 
jet in 2P/Encke dLisse et al.l 120051) and the curious X-ray 
morphology surrounding the fragmented comets C/1999 S4 



(LINEAR) and 73P/Schwassmann-W achmann 3 (Liss e et al. 



200 it IWolk et al.|[2009b . IWegmann & Dennerll (|2005|) ana- 



lyzed a cometary x-ray image and deduced the shock loca- 
tion, but this has not yet been fully explored as their tech- 
nique requires imaging data with a very high signal to noise 
ratio. 

At 1 AU from the Sun, most of the charge exchange re- 
actions take place in the denser parts of th e coma within k 
10 5 km from the nucleus (Bo dewits et al ]l2007l) . For nearby 
comets, this often implies that the cometary emission ex- 
tends well beyond the field of view and requires a care- 
ful background subtraction. This introduces an important 
problem for observers. The diffuse soft X-ray background is 
variable in time and place, and contains many of the SWCX 
lines observed in comets resulting from c harge exchange in 
the E a rths exosphere and t he helios heath (Carter & Sembav 
20081; ICarter et al] 1201 ll iKoutroumpa et all 120071 12008). 



This background subtraction problem was ex plored in depth 



for th e very extended Comet 17P/Holmes ( Chr istian et al 
20101) . 



3 Temporal Variation 

Cometary X-ray luminosity is driven by a combination 
of the comet's gas production rate, the solar wind flux, 
and its heavy ion content. Furthermore, for nearby comets 
the effect of varying distance on the projected effective 
aperture should be taken into account. The interpretation 
of cometary X-ray lightcurves is there fore complex, as 



was fi rst shown for Comet Hyakutake (INeugebauer et al 
2000). Long term Swift XRT and Chandra observations 



of Co met 9P/Tempel 1 dLisse et all 12007: Willingal e et al. 



vatory I Krasnopols kv et al.l200' 



'ay 
'4). 



2006) demonstrated the richness of this approach (see 
Fig.|2]i. Large increases in the X-ray luminosity could be as- 
signed to a large cometary outburst (DOY 2005-180 to 184) 
followed by the interplanetary manifestation of a Coronal 
Mass Ejection (DOY 2005-18 8 to 190). A novel approach 
has recently been presented in ICarter et al.l (|2012|) . who di- 
rectly constrained the cometary gas production rates and re- 
lated this to the observed X-ray variability by employing 
Swift's co-aligned instrument suite, simultaneously observ- 
ing comet C/2007 N3 (Lulin) in UV and X-rays. It is of note 
that the optical brightness of comets is driven by their dust 
content, which i n itself is only weakly coupled to their over- 
all gas activity dA'Hearnet al.ll 19951; IJorda et al]|2008l) . As 
the solar wind also has no visual manifestation in interplan- 
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Fig. 2 The X-ray light curve is the result of comet ac- 
tivity and solar wind ion flux. Shown here are Chan- 
dra (filled squares) an d Swift observations (open squares, 
Willi ngale et al. 2006 - normalized to the Chandra mea- 
surements) of Comet 9P/Tempel 1 around the time of Deep 
Impact. For comparison, we also show estimated water 
(gas) production rates (triangles, bottom), solar wind proton 
fluxes (stars, middle), and the product of these two, which 
is the predicte d X-ray lightcur ve (solid line, top). Figure 
adapted from lLisse et al.l (12007b . 
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Fig. 3 Comparison of 8 different comets observed 
by Chandra betwee n 2000 - 2006, adapted from 



(Bod ewits et alJl2007l) . Left: X-ray spectra, organized by 
color. Top right: Flux ratios (colors) of the spectra. The low 
energy feature (C+N) is anti-correlated to the oxygen flux 
ratio. Bottom right: Oxygen charge states derived from the 
Chandra spectra and their corresponding freeze-in temper- 
atures. The shaded areas indicate typical freeze-in tempera- 
tures for different solar wind states. 



etary space, there is therefore no simple relation between 
the optical and X-ray luminosities of comets. 

The solar wind is highly variable in time and its ion 
composition can change dramatically over the course of less 
than a day due to variations in the solar source regions and 
dynamic changes in the solar wind itself. While the solar 
wind is sampled at the Earth's first Lagrangian Point LI by 
several spacecraft, to accurately model SWCX lightcurves 
solar wind properties have to be extrapolated to the position 
of the comet. Full MHD propagation models are available 
but are only applicable to comets in the equatorial plane. 
These mo dels cur r ently o ffer an accuracy of a day at best 
(see e.g. lFrv et al.l (I2003) and references therein), and only 
consider the wind's bulk properties, not its composition. 
A first order estimate of the state of the solar wind can 
be achieved using corot ational mapping of the solar wind 
(|Neugebauer et al.l2000l) . but this method only considers the 
Sun's rotation and the wind's bulk velocity, and performs 
poorly propagating dynamical structures in the wind. Latitu- 
dinal and corotational separations imply large inaccuracies 
in any solar wind mapping procedure and limit the compar- 
ison of solar wind data with X-ray observation s to nearby 
comets dBodewits et al.ll2007tlw"olk et alj|2009b . 

4 Spectroscopy 

Charge exchange reactions are quasi-resonant processes, 
and depend strongly on properties of both the neutral 



and the ionized gas ICravens ( 2002 ). The resulting emis 



sion therefore provides a unique window on their interac- 
tions. For example, within fusion experiments both Doppler 
shifts of charge exchange emission lines and their abso- 
lute and relative intensities are used to provide information 
on local plasma parameters such as temperatures, veloci- 
ties a nd abundances and charge state of the interacting plas- 
mas dAnderson et alfeOOOtlHoekstra et al.l 1 998 1 llslerll 1 994 : 
Ivon Hellermann et al.lll99ll) . 

Current charge exchange investigations however are 
limited by observational constraints and sparse experimen- 
tal data. Most cometary spectra have been obtained us- 
ing Chandra's ACIS-S instrument, which provides moder- 
ate energy resolution (110 eV FWHM) in the 300 to 2000 



tract ionic abundances from the X-ray spectra (Haberli et al. 


19971 iKharchenko & Dalgarno 200(j, 2001; 


Krasnopolsky 


2004; Krasnopolskv et all 2002; Lisseetal. 


2001. 2005t 


Schwadron & Cravens 2000l IWegmann et al. 


2004. 1998h. 



However, the multitude of emission lines from hydrogen- 
and helium like heavy ions in this regime implies that in- 
dividual SWCX lines are not resolved, often rendering least- 
square fits degenerate. More favorable approaches minimize 
the degrees of freedom by grouping all emission lines of 
each ion b ased on compilations of experimental and theor et- 
ical work dBeiersdorfer et al.1l2003t iBodewits et al.lEo07l) . 

The overall shape of cometary SWCX spectra is 
predominantly determined by the state of the solar 
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wind (jBodewits et al. 2007; Kharchenko & Dalgarnoll2001 
Schwadron & CravensI 12000). During solar minimum the 
solar wind can be simplified to the stratification of a slow, 
low-latitude wind originating about the solar equator and a 
higher-latitude, faster wind originating from polar regions. 
In this bi-modal state the polar wind has a lower charge state 
than the wind at lower latitudes. This simple picture is com- 
plicated by the presence of transient phenomena (corotat- 
ing interaction regions and coronal mass ejections), and by 
the chaotic state o f the solar corona around solar maximum 
(IGeiss et al. Il995l) . In low resolution spectra, these states 
manifest themselves as 'color differences', i.e. in the rela- 
tive strength of the low energy (<500 eV), the Ovill emis- 
sion at 561 eV and the Ovill emission at 653 eMl A com- 
parison of 8 comets observed with Chandra showed a clear 
separation between the spectra that are dominated by the 
low energy component, and the 'oxygen-dominated' spec- 
tra. The spectra dominated by emission >500 eV show a 
gradual increase in the oxygen ionic ratio (Fig. |3}- Because 
the solar wind is a collisionless plasma, this trend can be 
understood in terms of the freeze-in temperature of the so- 
lar wind source region (Fig. |4). The slow wind associated 
with strea mers typically has freeze-in temperatures of 1.3 
- 2. 1 MK JBrvans et al]l2009HZurbuchen et alJl2002h . With 
lower freeze-in temperatures, such as found in solar wind 
associated with coronal holes or at higher solar latitudes, the 
oxygen charge state distribution decreases accordingly, and 
most oxygen is found in the O e+ state which emits in the Far 
UV after charge exchange. Because the low energy compo- 
nent of the spectrum contains both C 5+ and C 6+ which lines 
cannot be resolved with the current spectral resolution, it is 
less sensitive to changes in typical solar wind freeze-in tem- 
peratures. 

Due to its reliance on a good detection of the O VIII 
feature, the oxygen ion ratio has limited diagnostic use 
for fast and cool solar winds with freeze-in temperatures 
of 1 MK or less, such as the wind associated with coro- 
nal holes or the cold wind found at higher solar latitudes 
( Christian et al. 2010b . Ion ratios between H- and He- like 
Carbon would make exce llent probes for this temperature 
regime dLandi et al J2012h but their lines cannot be resolved 
at the spectral resolution currently achievable. Extremely 
hot solar wind states provide another limiting case. The 
spectrum of C omet 153P/Ikeya-Z hang cannot be well ex- 
plained by fhe lBodewits et alj d2007b swcx model (Fig.0. 
It anomalous spectrum was attributed to the interaction with 
the interplanetary manifestation of a coronal mass ejec- 
tion (ICME), likely resulting in many additional unresolved 
SWCX lines of Fe XV-XX. Both issues will be addressed 
once X-ray calorimeters become available to observers. 



Cold Fast Slow 




Fig. 4 Relative ion fractions for oxygen (top) and car- 
bon (bottom), as a function of temperature in an opti- 
cally thin plasma un der t hermal equi l ibrium , adapted from 
Brvans et al.1 (|2009) and lLandi et al.l (12012b . Typical solar 
wind freeze-in temperatures are indicated by shaded areas. 



4.1 High Energy - Above 1 KeV 

SWCX X-ray spectra above 1 keV have not been well 
studied in comets, although tentative detections of Mg 
were presented in the spectrum of the exceptionally X - 
ray b right comet Ikeya-Zhang in iBodewits et al. ( 2007 ). 
Also, ICarter et all d2010l) found evidence for Fe XVII - XX, 
Mg XI - XII, and Si XIII - XIV lines from the Earth's exo- 
sphere. Both papers attributed the presence of these highly 
charged ions due to coronal mass ejection events, which can 
have freeze-in temperatur es of several millions of degrees 
dLepri & Zurbuchenl20o4. 



2 To avoid confusion, solar wind ions are in superscript notation and 
emitting ions are notated in linear notation. 



Recent work by lEwing et al.l (120121) has confirmed the 
strong 1.3-2.0 keV emission lines from Ikeya-Zhang and 
detected lines at 1350, 1470, 1840 and 2000 eV that were 
identified as Mg XI, Mg XII, Si XIII, and Si XIV SWCX lines. 
They demonstrated that upon close inspection of archival 
Chandra observations these Si and Mg lines were present at 
a significant level for at least 4 more of the comets. 

4.2 Low Energy - Below 300 eV 

The close encounter with comet 73P/Schwassmann-Wach- 
mann 3 (which came within 0.07 AU of Earth in 2006) al- 
lowed for (nearly) in situ measurements of the solar wind , 
enabling a direct test of spectral models. IWolk et al.l (12009b 
compared ion abundances derived from Chandra observa- 
tions with measurements by the ACE-SWICS instrument. 
While the derived abundances of 7+ and C 6+ were in 
good agreement with the solar wind data, the obtained rela- 
tive abundance of C 5+ was off by an order of magnitude. 
Part of this discrepancy might be explained by the lack 
of experimental charge exchange cross sections or calibra- 
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Fig. 5 Charge exchange diagnostics in the Extreme- and 
Far-UV. Top Panel: Helium line ratios between 30.4 nm 
and 58.4 nm emission following He 2+ colliding on H2 
(white triangles), CO (grey circles), and H2O (black squares 
and grey diamonds). Bottom Panel: Velocity dependence 
of the O VI line ratio between the ls 2 3d-ls 2 2p and ls 2 4p- 
ls 2 2s transitio ns at 17.3 and 13.0 nm, resp e ctively. Figures 



adapted from Bodewits & Hoekstral (120071) ; iBodewits et al. 
(2005). 



tion issues at the low-energy end of Chandra-AClS. How- 
ever, the exces s low e nergy has been a persistent feature. 
Bodewits et alj d2007l) showed that the ratio between C 6+ 
and C 5+ ions and the oxygen ion ratio was poorly corre- 
lated, ostensibly because C 5+ abundances are consistently 
too large. It is therefore very likely that the source of the 
discrepancy is related to emission from several ions of 
species such as Fe, Mg, Si, Ne, and as much of 90% of 
the emission ar ound 300 eV should be attributed to species 
other than C 5 + dBrown et al.l2010tlKoutroumpa et alj2008t 
Sasseen et al ] l2006l) . 



4.3 Ultraviolet 

As was noted above, many SWCX lines fall below the band- 
width covered by current X-ray observatories. The excited 
states of H- and He-like C, N, and O decay in a radia- 



tive cascade which produces photons at X-ray, EUV, and 
UV wavelengths. In fact, the most abundant ions in the so- 
lar wind, He 2+ and O e+ , emit at EUV and FUV wave- 
lengths. Model calculations based on 9+ - H2 interac- 
tions underline the important role of Q 6+ ions as line emit- 
ters dKharchenko et alJl998tlLiu & SchultJ 1999b . Both the 
FUSE and SOHO-UVCS observatories were used to search 



for the O VI doublet at 103 nm in five comets (Feldman 



2005; Raymond et al. 2002; Weaver et al. 2002). The non 



detec tion of what are predicted to b e the brightest swcx 
lines Kharchen ko & Dalgarno ( 200 lb might be attributed to 
the relatively small field of view of FUSE, allowing obser- 
vation of only a small fraction of the coma. As the four 
comets in these studies were all very active the O VI bright- 
ness might have very well peaked outsid e fuse's field of 
view dFeldmanll2005l:ISasseen et al.ll2006b . The Cosmic Hot 
Interstellar Plasma Spectrometer (CHIPS) spectrograph was 
used to observe three comets bet ween 9-26 nm, w ith a 
peak resolution of 0.4 nm FWHM dSasseen et al. 2006J. In- 
terestingly, the authors reported a 2a detection O VI in the 
spect rum of Comet C/2001 Q4 (NEAT). Experim ental stud- 
ies dBodewits & Hoekstrall2007l;lMiller et al.ll201 lb indicate 
that this O VI SWCX emission between 10-20 nm is another 
potent diagnostic of local solar wind velocities (Fig. [5). 

Helium ion are approximately 200 times more abundant 
than the oxygen ions that drive cometary X-rays. Low reso- 
lution EUVE observations of several comets between 8-70 
nm allowed for the identifi cation of O III-VI, C V, and He I- 
II SWCX emission lines jKra snopolskv & Mumma 2001; 
Krasnopolskv et al. 2000). Helium charge exchange emis- 
sion is dominated by two strong peaks; the He II (2p-ls) 
transition at 30.4 nm from one electron capture, and the He I 
(ls2p-l s 2 ) transition at 58.4 nm following two-electron 
capture dBodewits et al . 2004, 2005). The ratio of these lines 
changes by more than three orders of magnitude for typical 
solar wind velocities between 100 to 1000 km s _1 (Fig.|5]l. 
This diagnostic was applied to EUVE observations of comets 
Hale-Bopp and Hyakutake to interpret SWCX emission in 
terms of local solar wind characteristics, providing an excel- 
lent window on what may be achieved once high resolution 
X-ray spectroscopy becomes available. 



5 Conclusion 

When solar wind ions pass through an atmosphere they are 
neutralized via charge exchange reactions with the neutral 
gaseous species. These reactions depend strongly on target 
species and collision velocity. The resulting X-ray and UV 
emission is therefore a fingerprint of the underlying interac- 
tion, with many diagnostic qualities. 

To fully explore those diagnostics one has to consider all 
aspects relevant for cometary X-ray emission: experimental 
studies of state selective charge exchange cross sections and 
the resulting line emission, observational techniques to use 
X-ray telescopes that were certainly not designed to view 
objects within the solar system, and modeling of the prop- 
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agation of the solar wind and its interaction with the gas in 
cometary comae. Together, these have greatly improved our 
understanding of the interaction of the solar wind with solar 
system objects and in more general, of physical processes 
in wind-environment collisions. The thorough understand- 
ing of cometary charge exchange emission has opened the 
door to the direct observation of more complex solar wind 
interactions such as those with Earth, Mars, Venus, Jupiter, 
and the heliosphere. 
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